A hallmark of positive-sense RNA viruses is the formation of membranous shelters for safe replication in the cytoplasm. Once considered invisible to the immune system, these viral shelters are now found to be antagonized through the cooperation of autophagy proteins and anti-microbial GTPases. This coordinated effort of autophagy proteins guiding GTPases functions against not only the shelters of viruses but also cytoplasmic vacuoles containing bacteria or protozoa, suggesting a broad immune-defense mechanism against disparate vacuolar pathogens. Fundamental questions regarding this process remain: how the host recognizes these membranous structures as a target, how the autophagy proteins bring the GTPases to the shelters, and how the recruited GTPases disrupt these shelters. In this review, these questions are discussed, the answers to which will significantly advance our understanding of the response to vacuole-like structures of pathogens, thereby paving the way for the development of broadly effective anti-microbial strategies for public health.
Introduction
The success of an intracellular pathogen depends upon its ability to subvert host defenses. In many cases this is achieved simply by localizing in cellular compartments inaccessible to host defense machinery. [1] The replication compartment or complex (RC), characteristic of positivesense RNA [(þ)RNA] viruses, exemplifies this concept. [2] About one-third of all known viruses possess (þ)RNA genomes, [3] allowing for immediate production of proteins upon successful entry. Viral proteins reorganize host membranes from various organelles, such as the ER and Golgi, rapidly forming the RC. [2] The RC sequesters the viral genome and proteins in a subcellular enclave, facilitating replication while simultaneously shielding viral components from innate recognition. [4, 5] Accordingly, formation of the RC is critical in the life cycle of (þ)RNA viruses. While much is known about the molecular mechanisms that regulate the formation of viral RCs, [5] [6] [7] [8] whether the host antagonizes RCs has been less clear.
Using murine norovirus (MNV) as a model (þ)RNA virus, we identified a cell autonomous defense mechanism mounted against RCs. This mechanism was dependent upon elements of two evolutionarily conserved defense systems: autophagy and interferon. [9, 10] We found that viral RCs were marked with microtubule-associated-protein-1-light-chain-3 (LC3, a.k.a. ATG8) homologs, the classic marker of autophagosomes. Upon interferon signaling, several interferon (IFN)-inducible GTPases were induced and localized to the LC3-marked RCs. Recruitment of these dynamin-like GTPases resulted in disruption of viral RCs and inhibition of viral replication. A similar process was previously associated with cellular control of bacteria, protozoa, and fungi, in which IFN-inducible GTPases demarcate, and induce the destruction of, pathogen-containing vacuoles. [11] The addition of MNV to the growing list of targeted pathogens suggests a potential pan-antimicrobial strategy in response to intracellular infection.
A major unanswered question of the LC3-mediated targeting of IFN-inducible GTPases is what property or properties of the RC enable its recognition, despite being composed of host membranes. Several questions remain regarding the precise molecular events that constitute this process. Unlike canonical autophagy, this process is independent of lysosomal degradation. Understanding the factors that lead to this noncanonical outcome-i.e., the recruitment of IFN-inducible GTPases to the LC3-marked structure rather than lysosomal degradation-will be a major focus of future studies. Moreover, the IFN-inducible GTPases central to this process have been studied predominantly in the context of bacterial and protozoan infection. Whether these dynamin-like proteins inhibit viral replication through previously observed mechanisms or through a novel function will be an important question to answer. [11] Herein, we present the context of these questions and current thinking in the field, and provide our up-to-date hypotheses and speculations on the mechanisms of intracellular pathogen targeting.
Viral Replication Compartments: An Unexplored Target of Antiviral Activity
Viruses with a (þ)RNA genome comprise a large group of plant and animal viruses, [12] including many medically important viruses, such as Zika virus, West Nile virus, and norovirus. [3] In order to replicate their genome, (þ)RNA viruses must synthesize and utilize a complementary negative-sense RNA template through a double-strand RNA (dsRNA) intermediate. [13] Host recognition of the dsRNA intermediate by innate immune sensors results in activation of the antiviral defense system, particularly through the production of interferons and subsequent induction of a multitude of antiviral genes. These genes and gene products have been shown to inhibit nearly all steps of the (þ)RNA viral life cycle, except one: the formation of the RC. Often visualized as vacuole-like membrane compartments (Figure 1) , the formation and maintenance of the RC is an essential part of the (þ)RNA virus life cycle by increasing replication efficiency and avoiding innate recognition. [2, 3, [14] [15] [16] Despite its importance, it was largely unknown whether an antiviral response against the RC exists. [17, 18] Given the structural conservation of RCs across (þ)RNA viruses, the RC represents an attractive target for a general antiviral strategy.
Upon infection, (þ)RNA viruses immediately express viral proteins, [19] which can interact directly with membranes and a variety of host proteins responsible for lipid manipulation to form the RC. [2, 19] Different viruses utilize unique sets of cellular factors and preferred membrane sources, but in all cases the membranes of RCs are solely derived from cellular organelles, or even the plasma membrane. [5] The RC creates an environment where viral components are in a relatively small place, ensuring maximum likelihood of interaction between viral proteins, viral RNA, and co-opted cellular components, facilitating viral replication. [2, 3, 19] Importantly, RCs act as a shelter to avoid innate immune detection. [15, 16] Not only are cytosolic dsRNA sensors excluded from RCs, [4] but also RNAs within RCs are protected from nuclease treatment, suggesting that the RCs of (þ)RNA viruses sequester dsRNA intermediates from escaping the RC, further thwarting immune recognition. [15, 16] To date, two types of RC structures have been identified: spherule invaginations and double membrane vesicles (DMVs) ( Figure 1A) . [2, 19] The spherule form of RCs is generated through invaginations into the negative curvature of a membrane into the lumen of an organelle, away from the cytoplasm. These structures maintain a small neck that connects the RC interior to the cytoplasm, believed to selectively restrict traffic in and out of the structure. [2, 20] In contrast, DMVs are formed from the near closure of a single membrane vesicle after exvagination accompanied by invaginations ( Figure 1A ). An open connection to the cytoplasm is only observed in a minority of DMVs undergoing active replication. A connection should be present for necessary molecular exchange between the cytoplasm and DMV RCs, but how this works for the majority of DMVs is unclear. Of note, hepatitis C virus (HCV) recruits nuclear pore complex machinery to its DMV RC, suggesting a potential mechanism for selective RC entry and exit. [4, 21] Due to the structural similarity between autophagosomes and viral RCs, many groups speculated that autophagy supports (þ)RNA virus RC formation and therefore replication of some viruses. [22, 23] 
Control of MNV Replication Depends on Autophagy Proteins
Originally described by Christian de Duve as "bulk segregation and digestion of portions of the cytoplasm," autophagy is an essential cellular homeostasis process that removes obsolete proteins, organelles, and other macromolecules. [24, 25, 26] By definition, macroautophagy (henceforth, simply "autophagy") is an evolutionarily conserved cellular pathway that sequesters cytosolic materials in a double-membrane-bound autophagosome and delivers them to the lysosome for degradation. [27] Autophagy has often been considered an antimicrobial pathway through the capture and degradation of cytosolic invaders, a process known as xenophagy. [28] In addition to xenophagy of viral particles, autophagy can contribute to antiviral immunity through delivery of viral genomes to endosomal immune sensors and presentation of viral antigens for the adaptive immune response. [22, 29, 30] To combat this, several viruses have evolved mechanisms to block autophagy, or even co-opt the machinery for their own benefit. For many viruses, autophagosomes can act as a source of membrane for RC formation, though in many cases autophagy is not essential for viral replication. [22, 23] Unexpectedly, while studying a potential relationship between autophagy and murine norovirus (MNV), we found a novel antiviral role of autophagy proteins against viral RCs.
The formation of a globular autophagosome requires the cooperation of many proteins that execute three main steps: initiation, nucleation and elongation. The elongation step of autophagosome formation requires a ubiquitin-like system known as the LC3 conjugation system, which functions to conjugate LC3 and its homologs to the lipid phosphatidylethanolamine (PE) in membranes ( Figure 1B ). For this ubiquitin-like conjugation, ATG7, ATG3, and the ATG12-ATG5-ATG16L1 complex (henceforth, ATG5 complex) function as the E1-like activating enzyme, E2-like conjugating enzyme, and E3-like ligase, respectively. [27] Using the MNV model, we found that the ATG5 complex is required for interferon-gamma (IFNG) mediated control of MNV replication, via inhibiting the formation and/or maintenance of the MNV RC, in cells and mice. [9] Proteins involved in the initiation and nucleation of the autophagosome, as well as lysosomal degradation, were dispensable for this antiviral response. Additional experiments detailing the IFNG signaling requirements favored a model in which a group of IFNG-regulated effector proteins would cooperate with the ATG5 complex, but the specific proteins were unknown.
[31]
Cooperation of Autophagy and IFN-Inducible GTPases Restricts Toxoplasma gondii
An antimicrobial process dependent on ATG5 but not on canonical autophagy had previously been identified for the protozoan parasite, Toxoplasma gondii. [32] This IFNG-mediated response results in the disruption of the membranous niche of T. gondii, the parasitophorous vacuole (PV) (Figure 2 ). Disruption of the PV membrane (PVM) occurs as a result of the localization of several interferon-inducible GTPases such as interferon inducible GTPase 1 (IIGP1, a.k.a. Immunity-related GTPase family membrane a6 [IRGA6]). In the absence of ATG5, IRGA6 forms aggregates in the cytosol, rather than being targeted to the PVM of T. gondii, [33] leading to uncontrolled parasite replication. [32, 34, 35] Only the LC3 conjugation system of autophagy (ATG7, ATG3, and the ATG5 complex) is required for targeting of the IFNinducible GTPases to the T. gondii PV and the IFNG-mediated control of T. gondii infection in cells and mice. [36] The upstream role of ATG5 and the fact that LC3 localizes on the PVM of T. gondii even in the absence of IFNG treatment pointed to a role for LC3 in the recruitment of IFN-inducible GTPases. [36] In fact, all known LC3 homologs, LC3 and gamma-aminobutyric acid receptor-associated protein (GABARAP) subfamilies, can be detected on the PVM of T. gondii. [37] [38] [39] Furthermore, the ATG5 complex is both necessary and sufficient to recruit the IFN-inducible GTPases to a target membrane. By relocating the E3-like ligase ATG5 complex to the mitochondrial outer membrane or the plasma membrane, the GTPases are recruited to those membranes rather than the PVM www.advancedsciencenews.com www.bioessays-journal.com of T. gondii. [39] Collectively, though the mechanistic details remain poorly understood (further discussed below), these data clearly show that the ATG5 complex can determine the target membrane of IFN-inducible GTPases. Thus, we termed this process Targeting by AutophaGy proteins (TAG). [39] 
IFN-Inducible GTPases Attack and Destroy Pathogen Containing Vacuoles
The IFN-inducible GTPase superfamily is composed of four subfamilies: immunity related GTPases (IRGs), guanylate binding proteins (GBPs), myxovirus resistance proteins (Mx), and the very large IFN-inducible GTPases (VLIGs). [11] Only IRGs and GBPs were known to attack the vacuole-like shelters containing bacteria, protozoa, or fungi. [40] [41] [42] Initial observations of IRG knockout mice established the critical role of IRGs in the control of intracellular pathogens. [43, 44] Not all IRGs are created equally however. Knockouts of different IRGs led to non-redundant susceptibilities to various pathogens, suggesting unique roles for members of the IRG family. Not long after, the GBP family was discovered to also be involved in the control of intracellular bacteria and protozoa. [45, 46] Together, these families of proteins accumulate on the PV and disrupt the membrane structure as demonstrated by immunoelectron microscopy. [32, 33, 46] Due to their structural similarity to dynamin, it was hypothesized that these proteins function equivalently, remodeling the membrane via mechanical forces exerted through GTP hydrolysis, though this has not been formally demonstrated biochemically. [47] The targeted membranes are subsequently vesiculated to the point of vacuole rupture, leading to the death of the now-exposed pathogens (Fig. 2) . [40, 48, 49, 51, 52] While some studies have established links between antiviral activity and the IRGs and GBPs, [50] [51] [52] in many cases the underlying mechanisms are unknown.
Autophagy Proteins Bring the IFN-Inducible GTPases to Viral Shelters
Although T. gondii and MNV are two disparate pathogens, i.e., a eukaryotic parasite and a small RNA virus, the parallel dependence of IFNG and ATG5 suggested a possible common effector mechanism. Thus, we investigated the potential role of IFN-inducible GTPases in the antiviral function of the ATG5 complex against the MNV RC. Indeed, the ATG5 complex is detected on the MNV RC in the absence of IFNG signaling, [9] suggesting that the complex might recruit the IFN-inducible GTPases to the RC.
LC3 and the IFN-inducible GTPases are detected on the MNV RC in wild type but not in Atg5-deficient cells, [10] consistent with an Atg5-dependent phenotype. Using models of a nonfunctional IRG system and a non-functional GBP system, [46, 53] we also confirmed that these GTPases are indeed required to control MNV replication in cells and mice. [10] Together, these data decisively established that IRGs and GBPs are the IFNinducible effectors brought to the MNV RC by the ATG5 complex to disrupt the RC formation and replication of MNV (Figure 1) .
Characterization of the Atg5-dependent IFN-inducible GTPase targeting process has mainly been confined to studies in mice, which possess a different armament of IFN-inducible GTPases than humans. Though the autophagy proteins and GBPs are well conserved in both mouse and human, [47, 54] the IRG system is substantially contracted in the human system. [55] Compared to the mouse genome, which contains over 20 IRG genes, humans possess only two orthologs: IRGM and IRGC. Both lack the IFN stimulated response element, and therefore are not IFN inducible. [56] Despite this major difference, we found that the system was functionally intact in human cells. Both LC3 and GBPs not only localize to the RC of MNV but also are required for IFNG to control MNV replication in human cells. [10] Figure 2. Role of LC3 conjugation in the intracellular response to Toxoplasma gondii. (Left) Upon invasion of the cell, T. gondii resides within its replicative niche, the parasitophorous vacuole (PV). Shortly after infection, the ATG12-ATG5-ATG16L1 complex of autophagy localizes to the vacuole, leading to LC3 deposition at the PV. In the presence of IFNG, IRGs, and GBPs are expressed and recruited to the PV. These dynamin-like GTPases vesiculate the PV, leading to pathogen exposure to the cytosol where it is ultimately killed. (Right) In the absence of the functional LC3 conjugation system, the PV is not decorated by LC3 upon infection by T. gondii, and IFN-inducible GTPases are expressed but form aggregates in the cytosol. Consequently, T. gondii is not controlled and the parasite replicates freely in the PV.
www.advancedsciencenews.com www.bioessays-journal.com LC3 localization is not unique to the RC of MNV as the RCs of several other (þ)RNA viruses have been reported to exhibit colocalization. [57] [58] [59] [60] [61] [62] [63] In some cases, LC3 on the RC is indicative of the viruses co-opting the autophagy pathway/machinery for their own benefit. [64, 65] However, LC3 on the RC, like a double-edged sword, may aid viral replication, while simultaneously recruiting the destructive GTPases to the RCs upon their induction. Indeed, analogous to MNV, both LC3 and the IFN-inducible GTPases are targeted to the RC of another (þ)RNA virus, encephalomyocarditis virus (EMCV). [10] We hypothesize that other (þ)RNA viruses are targeted by LC3 and IFN-inducible GTPases based on the shared effect of TAG across even disparate pathogens (viruses as well as bacteria and protozoa). Identification of other susceptible (þ)RNA viruses will solidify TAG as a major antiviral mechanism.
Two major obstacles may complicate straightforward identification of additional sensitive (þ)RNA viruses: alternative antiviral effects of IFNG and potential immune evasion of viruses. IFNG can exert antiviral activity through multiple mechanisms and TAG is only one arm of this immune defense. We have shown previously that IFNG inhibits the replication of other (þ)RNA viruses such as murine hepatitis virus and West Nile virus in the absence of Atg5. [9] Thus, dissecting the antiviral role of TAG in such cases is confounded by the potential of other antiviral mechanisms initiated by IFNG. Alternatively, it is possible that (þ)RNA viruses have evolved mechanisms to actively evade TAG. Indeed, there is precedent for this in the field of IFN-inducible GTPases. Many pathogens including virulent strains of T. gondii possess counter measures for disabling the IFN-inducible GTPases. [66, 67] Thus, it is reasonable to speculate that certain (þ)RNA viruses are capable of evading the LC3-mediated targeting of IFN-inducible GTPases entirely.
How Do the Autophagy Proteins Recognize Viral RCs as a Target?
Work demonstrating the crucial role of the TAG process in controlling intracellular pathogens has raised a critical question: [39] how does TAG recognize a target membrane ( Figure 3) ? It is now appreciated that in addition to non-self recognition, the immune system may perceive changes in self-e.g., missing-or altered-self-that alert the host of infection. [68] Thus, there might be a defined molecular signature of the RC that enables the host immune system to detect the structure. In the context of the multi-pathogen targeting ability of TAG, another important question is whether a universal or pathogen-specific mechanism determines the target.
Initial studies established that T. gondii, through an active invasion process, stripped the resultant PV of most host proteins. [69] Thus, it was hypothesized that the PV might be a distinct compartment that could be sensed as a target due to "missing-self" (Fig. 3) . [68] The discovery of IRG targeting to the vacuoles of the bacterium Chlamydia trachomatis and the fungus Encephalitozoon cuniculi further supported this hypothesis. [42, 70] Devoid of the normal array of host proteins, these pathogencontaining vacuoles could be recognized by the lack of proteins, thereby allowing targeting by IRGs/GBPs. [68] A subset of IRGs, known as GMS IRGs (so named for their GXS motif in their GTPase domain), [71] [72] [73] are known to decorate most membrane structures within a cell and to function as guanine dissociation inhibitors that keep the rest of the IRGs, known as GKS IRGs, in their inactive GDP-bound forms. [74] Thus, the absence of GMS IRGs on PVs would lead to a de-regulated state, thereby allowing the effector GKS IRGs and GBPs to accumulate on the membrane. [70] However, this model was challenged when the localization of IRGs and GBPs to the vacuoles containing T. gondii or C. trachomatis was found to be dependent upon the LC3 conjugation system of autophagy. [39, 36, 75, 76] Furthermore, the demonstration that the same targeting mechanism functions against viral RCs, [10] composed of a mixture of proteins and lipids from the ER and the Golgi, [77, 78] also argued against this model. In contrast to "missing self," an alternate mode of target membrane recognition is the sensing of "altered-self" (Fig. 3) . In order to form the vacuole-like replication niches, pathogens may need to alter host membranes, thereby creating an altered membrane structure, which may be no longer recognizable as "self." An altered composition of proteins, lipids, or structure of the membrane due to pathogen proteins or by recruited host proteins could all contribute to the emergence of a unique compartment, not native to the host in homeostatic conditions. The ATG5 complex is reported to bind lipids of unknown specificity through ATG5. [79] Thus, it is tempting to speculate that ATG5 may recognize and bind specific lipid moieties enriched at the membranes of pathogen-containing vacuoles. In line with this, it is noteworthy that T. gondii proteins secreted into the host cytoplasm during invasion can traffic back onto the PVM, [80, 81] suggesting a unique signature of the PVM. Whether these proteins of T. gondii can also traffic to the replication vacuoles of other intracellular pathogens, like the RC of MNV, is an appealing possibility.
The last mode of target recognition is sensing of "non-self" (Fig. 3) . To form the vacuole-like shelters, pathogen proteins need to actively modify the host membrane structure and embed themselves in the membranes. These pathogen-derived proteins, or something equivalent, may be recognized as a pathogen-associated signal by the ATG5 complex or an upstream sensor that can recruit the ATG5 complex. This model would suggest a distinct way of sensing different classes of pathogens, which may converge on the LC3 conjugation system to recruit the downstream anti-microbial effectors like IRGs and GBPs. Given the broad range of microbial target membranes, we speculate that many different upstream sensing pathways (with possible redundancies) are utilized to identify a target for the TAG-mediated recruitment of effectors. Once LC3 homologs have marked a target membrane, however, the same membranolytic pathway may be initiated, thereby destroying the structure.
How Do Autophagy Proteins Recruit the GTPases to Viral RCs?
The location of the ATG5 complex is sufficient to determine the destination of the IRGs and GBPs. [36, 39] How the ATG5 complex brings the IFN-inducible GTPases to the pathogen-filled, LC3 homolog-marked compartments is a major outstanding www.advancedsciencenews.com www.bioessays-journal.com question. Presumably, all the LC3 homologs conjugated to membranes by the ATG5 complex may recruit the IFN-inducible GTPases. In support of this, the LC3 homologs have been shown to be necessary for the recruitment of the GTPases to the target membrane. [10, 39] However, only in the situation where all homologs are knocked-out/down is the GTPase recruitment affected, indicating a redundant function of the LC3 and GABARAP subfamilies. This contrasts with previous studies in canonical autophagy establishing distinct functions for each subfamily despite high structural conservation. The sufficiency of the LC3 homologs in the recruitment of the IFN-inducible GTPases, independent of the ATG5 complex, has yet to be examined. However, a recent report implicates an essential role of GABARAPL2, but not the LC3 subfamily, in the proper localization and function of the IFN-inducible GTPases through its association with ADP-ribosylation factor 1 (ARF1). [82] Hence, the role of the LC3 homologs in directing the GTPases is still uncertain.
The simplest working mechanism, as briefly mentioned above, is that one or all of the LC3 homologs conjugated by the ATG5 complex onto the target membrane recruit(s) the GTPases (Figure 4) . LC3 homologs may recruit effector IRGs first and then GBPs through ubiquitin and p62, as previously proposed. [11, 83] Based on the recruitment of GBPs to the MNV RC in the absence of the functional IRGs in the human system, [10] it is also possible that GBPs are recruited by the LC3 homolog(s) independently of the IRGs. In line with this, certain IRGs and GBPs have putative LC3-interacting region (LIR) motifs, [84] suggestive of a direct protein-protein interaction with the LC3 homologs. Despite this, no direct interaction between LC3 homologs and GTPases has been shown experimentally. Alternatively, the LC3 homologs may associate with another mediator (e.g., ubiquitin, ARF1, etc.) on the target membrane to indirectly recruit the GTPases. A major caveat of this working hypothesis is that, if LC3s on a membrane are sufficient for the recruitment of the GTPases, the LC3-labeled autophagosome would be just as susceptible to targeting, and disruption, by the GTPases. In fact, IFNs enhance, rather than inhibit, autophagy, [85, 86] suggesting that autophagosomes are not disrupted by the IFN-inducible GTPases. It is possible that the presence of autophagy proteins and/or GMS IRGs remaining on the autophagosome, the membrane curvature, or the doublemembraned nature of autophagosomes prevents autophagosomes from being targeted, or even if targeted, disrupted by the GTPases. [75, 87, 88] Given these facts, an alternative yet complementary working mechanism is that LC3 homologs are not sufficient and additional factors are needed for the recruitment (Figure 4) . Potential necessary factors that may include other proteins brought to the target membranes by the ATG5 complex or post-translational modifications of the LC3 homolog(s) on the membrane. Simply, LC3 homologs on the membrane of the autophagosome and pathogen-containing vacuoles might differ functionally through their association with other proteins or specific post-translational modifications. In this regard, it is noteworthy that re-localizing the ATG5 complex to the mitochondrial membrane requires T. gondii infection for efficient recruitment of the GTPases to that membrane, whereas re-localizing the complex to the plasma membrane does not. [39] The non-self model proposes that a pathogen-specific signature (e.g., viral proteins) at the membrane is responsible for the targeting of autophagy proteins. As it is unlikely that one common signature is shared among the various pathogens known to be targeted by this pathway, the non-self model suggests that different pathogen-specific signatures would converge on the activation of targeting by autophagy proteins.
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Given that LC3s can undergo post-translational modifications and no GMS IRG is associated with the plasma membrane, a "triple-check" model of IFN, LC3, and infection has been hypothesized. [75, 89] The model proposes LC3 homologs are conjugated to a given membrane, T. gondii infection removes inhibitory GMS IRGs from the LC3-marked membranes, and IFN modifies LC3s to function as a guanine nucleotide exchange factor for the local activation of the GTPases. Nevertheless, it is still unverified whether such a modification happens specifically to LC3 homologs on the membrane of pathogen-containing vacuoles.
In contrast to the above scenarios, it is also entirely possible that the LC3 homologs are not involved in GBP recruitment to the target membrane at all (Figure 4) . Rather, the additional factors brought by the ATG5 complex recruit the GTPases, and the localization of LC3 homologs on the membrane of pathogencontaining vacuole is merely a consequence of the ATG5 complex localization. Based on the necessity of LC3 homologs, this model suggests the LC3 homologs would be required somewhere else to maintain a functional status of the GTPases (e.g., through activation of ARF1). [82] This possibility stems from the concern that the frequency of the LC3 homologs on the target membrane is significantly lower than that of the GTPases. [36, 39, 82] Further studies on the sufficiency of LC3 homologs on the membrane will clarify the role of LC3 homologs in the recruitment of the GTPases and consequently the recruitment mechanism by the ATG5 complex.
While it is tempting to hypothesize one universal mechanism that facilitates GTPase recruitment to these pathogen-containing vacuoles, there may exist multiple mechanisms to recruit GTPases to membranes. In alignment with this idea, the GKS effector IRG, IRGB10, was recently shown to bind directly to the membrane of a bacterium via a putative transmembrane amphipathic helix, [90] suggesting a potential propensity of IRGB10 toward bacterial membranes. This putative transmembrane helix is shared by most other IRGs, indicating this may be a common targeting mechanism of IRGs to bacterial membranes. Similarly, GBPs were also shown to directly attack the membrane of T. gondii itself. [91] In addition, mouse GBP2 can be recruited to the breached vacuole, via a mechanism independent of regulatory IRGs or the LC3 conjugation system. [92] Collectively, these data suggest that GTPases can localize to membranes through various mechanisms and that these mechanisms may function in parallel for the most efficient defense against various pathogen invasions.
How Do the Recruited GTPases Disrupt Viral RCs?
The representative anti-microbial function of both IRGs and GBPs involves the pinching off of small vesicles from the membranes of pathogen-containing vacuoles. [11] The IRGs and GBPs, phylogenetically related to dynamin, are known for their ability to vesiculate their target membranes. In addition to their dynamin-like function, these GTPases have more recently been appreciated to have a multitude of roles within cell-autonomous defenses. GBPs are also known to bring various anti-microbial effector proteins or to stunt bacterial spread by blocking bacterial association with actin. [45, 93, 94] Furthermore, GBPs can enhance inflammasome formation, which produces inflammatory cytokines in response to pathogen invasion and cellular damages. [47, 49, 95] Consistent with their localization in the cytoplasm or on the cytoplasmic side of a membrane, IRGs and GBPs colocalize with viral polymerase on the cytoplasmic side of the MNV RC. [10] Although their localization on RCs is positively correlated with disruption of the compartment and consequent inhibition of viral replication, the functional mechanism of such inhibition is unknown. It is also unclear whether the GTPases are recruited onto the membrane during or after RC formation, thereby inhibiting the formation, or disrupting the pre-formed structure, respectively ( Figure 5 ). Of course, these possibilities are not mutually exclusive and elucidating the mechanism will lead to a better understanding of the potential immune evasion function of the RC and will facilitate the development of broad antiviral strategies against these structures.
Extrapolating from other pathogens targeted by the GTPases, a straightforward potential mechanism is that the GTPases may disrupt pre-formed RCs through vesiculation ( Figure 5 ). However, the small size of the viral RC complicates this possibility. [96] The average size of vesicles created during the IRG/GBP attack on the PVM of T. gondii is nearly as large as the entire replication compartment of MNV. [97] Thus, it is unlikely for IRGs/GBPs to disrupt the viral RC through vesiculation.
Instead, a more plausible mechanism is that these proteins may exert direct antiviral effects by compromising the integrity of viral RC membranes ( Figure 5 ). Since both subfamilies of GTPases can bind to and oligomerize on membranes, they may still be able to distort membranes significantly, deforming the structure and leading to inefficient viral replication and/or structural maintenance. Alternatively, but not exclusively, such membrane association of the GTPases may block the access of the membrane to viral proteins, such that viral proteins cannot form a necessary complex on the membrane to replicate ( Figure 5 ). Deciphering the functional requirement of the GTPases (e.g., GTPase activity, oligomerization, membrane binding) will be essential for a mechanistic understanding of their antiviral activity against viral RCs. [98, 99] 
Conclusions and Prospects
The recent discovery of an antiviral strategy against the RCs of a model (þ)RNA virus has uncovered new and exciting avenues of study in the field of cell-autonomous immunity. [9, 10, 31, 97] This antiviral response combines two evolutionarily conserved systems, autophagy and IFN, through the work of the LC3 conjugation system and the IFN-inducible GTPases, respectively. Parallel studies using MNV, T. gondii, and C. trachomatis have brought to light core mechanistic details shared between these distinct pathogens, yet much still remains to be understood.
Given the host organelle membrane composition of viral RCs, the existence of an antiviral immune defense mechanism against viral RCs challenges the fundamental dogma of self/nonself differentiation. Moreover, the IFN-inducible GTPases emerge as a powerful group of effector proteins, with broad anti-microbial functions against the vacuole-like structures of pathogens including viruses, bacteria, protozoa, and fungi. Follow-up studies illuminating the specific mechanism of sensing target membranes, recruiting effector GTPases, and breaking viral RCs will be critical in understanding the extensive role of this system in response to pathogens. Of particular interest, proteomic and lipidomic comparisons among the vacuole-like structures of pathogens, like the RC of MNV, the PV of T. gondii, and the inclusion body of C. trachomatis, may reveal the unique and shared nature of handling the pathogencontaining vacuoles by the immune system. Last but not least, many viruses have evolved to directly antagonize the interferon signaling pathway; [100] we expect many (þ)RNA viruses have also evolved strategies to counteract this autophagy and IFNmediated attack of viral RCs. As usual, fundamental biology as well as treatment of infectious diseases will benefit from understanding the co-evolution of the immune defense system of host and the immune evasion strategies of pathogens. www.advancedsciencenews.com www.bioessays-journal.com
